The gut-liver axis is associated with the progression of non-alcoholic fatty liver disease (NAFLD). Targeting the gut-liver axis and bile acid-based pharmaceuticals are potential therapies for NAFLD. The effect of tauroursodeoxycholic acid (TUDCA), a candidate drug for NAFLD, on intestinal barrier function, intestinal inflammation, gut lipid transport and microbiota composition was analysed in a murine model of NAFLD.
Introduction
Non-alcoholic fatty liver disease (NAFLD) is a part of metabolic syndrome that has become a worldwide health concern. Cardiovascular diseases and type II diabetes are closely associated with the progression of NAFLD (Targher et al., 2016) . The clinical spectrum of NAFLD includes isolated steatosis, steatosis with inflammation and fibrosis. Ten to twenty percent of NAFLD cases will develop non-alcoholic steatohepatitis (NASH) (Hyysalo et al., 2014) , which increases the risk of cardiovascular diseases, malignancy and liverrelated death. Fibrosis also aggravates the prognosis of NAFLD (Ratziu et al., 2015) . Approximately 10-15% of NASH will progress to cirrhosis, and the latter increases the incidence of hepatocellular carcinoma. Lifestyle intervention, as the main therapeutic option, could control only 2.8% of NASH development (Ratziu et al., 2015) . Therefore, the development of effective therapies for NAFLD is a crucial clinical goal.
Studies have revealed that the increased intestinal mucosal inflammation and intestinal epithelial barrier disruption, which increase the likelihood of the translocation of microbial products, are closely involved in the progression of NAFLD (Rahman et al., 2016) . Mice with defects in intestinal epithelial permeability developed more severe steatohepatitis after consuming a diet containing 0.2% cholesterol, 20% protein, 43% carbohydrates and 23% fat than their counterparts fed a normal diet containing 16% protein, 61% carbohydrates and 7.2% fat (Rahman et al., 2016) . Additionally, a human study revealed that patients with NAFLD have increased gut epithelial permeability, decreased levels of tight junction proteins, zonula occludens-1 (ZO-1), claudin 1 and occludin and higher levels of inflammation; these changes are closely associated with the occurrence and progression of NAFLD (Xin et al., 2014) . A meta-analysis indicated that, compared with healthy volunteers, patients with NAFLD and NASH were more likely to have enhanced intestinal permeability (Luther et al., 2015) . The increased gut permeability increases liver exposure to intestine-derived bacterial products (such as LPS, short-chain fatty acids, bile acids, cytokines and ethanol), which increase hepatic inflammation and dyslipidaemia by activating toll-like receptor (TLR) signalling and the inflammasome (Csak et al., 2011; Henao-Mejia et al., 2012) . Additionally, studies have shown that NAFLD is closely associated with the changed composition of intestinal microbiota. Many species in human gut microbiota are thought to be associated with the progression of NAFLD such as Bifidobacterium, Roseburia and Ruminococcus (Le Roy et al., 2013; Boursier et al., 2016) . Moreover, various distinct mechanisms have been suggested for the microbiome in NAFLD and complications of dysbiosis: dysfunctional intestinal barrier with small intestinal bacterial overgrowth (Miele et al., 2009) , inflammatory responses and metabolites produced or modified by the microbiota such as bile acids and LPS (Abu-Shanab and Quigley, 2010) . This complicated crosstalk among gut microbiota, intestinal permeability and the immune system collectively modulate the progression of NAFLD to NASH.
Bile acids have been reported to induce multiple effects on the intestinal lumen and intestinal wall, including prointestinal or anti-intestinal inflammatory responses (Martinez-Moya et al., 2013; Renga et al., 2013) , resolution of endoplasmic reticulum (ER) stress in intestinal epithelial cells underlying the pathology of inflammatory bowel disease (Berger and Haller, 2011) , improvement of gut barrier dysfunction (Stenman et al., 2013) and regulation of gut microbes (Arab et al., 2017) . These findings suggest that there is a complex relationship between bile acids and the intestine. Tauroursodeoxycholic acid (TUDCA), as a conjugated bile acid derivative, has been demonstrated to treat NAFLD via acting as an endogenous chemical chaperone to protect cells against ER stress (Xie et al., 2002; Choi et al., 2014; Itoh et al., 2016) . Moreover, TUDCA can also decrease the inflammation in the intestine of mice with dextran sulfate sodium-induced colitis (Cao et al., 2013a) . As the intestinal micro-environment (including inflammation status, function of the epithelial tight junction and gut microbiota) has an essential role in the progression of NAFLD and there is a close relationship between bile acids and the intestinal state, we hypothesized that TUDCA ameliorates NAFLD via gut-liver crosstalk: the compound reduces gut inflammation, augments intestinal barrier function, decreases intestinal fat transport and modulates gut microbiota.
Methods

Drug and diet
TUDCA (purity ≥98%) was obtained from Bruschettini S.r.l. (Genoa, Italy) and was dissolved in 0.9% saline for use. Both the normal chow diet (NCD) (containing 10% fat by energy) and high-fat diet (HFD) (containing 60% fat by energy) were purchased from Beijing HFK Bio-Technology Co., Ltd. (Beijing, China).
Animal experiments
Juvenile male C57BL/6J mice (7 ± 1 weeks old, body weight 20 ± 1 g; Beijing HFK Bio-Technology Co., Ltd.) were housed in individually ventilated cages (four animals per cage) at the SPF facility of Huazhong University of Science and Technology under controlled environmental conditions (temperature 22 ± 2°C; relative humidity 60-70%) with free access to standard laboratory chow and tap water and were maintained on a regular 12/12 h light/dark cycle. All animal care and experimental procedures were approved by the Animal Care Ministry of Health and were performed in accordance with national and EU guidelines for the handling and use of experimental animals. All animal studies were approved by the Animal Experimentation Ethics Committee of Huazhong University of Science and Technology. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) .
Mice were acclimatized to their environment for 1 week before the experiments. Mice were randomly allocated into three groups (n = 9 for each group). A co-worker blinded to the experimental protocol randomized animals into these groups. One group of animals was fed a NCD and the other two a HFD. The HFD-induced NAFLD model has been used for years. After 12 weeks of HFD feeding, one group of HFDtreated mice was administered TUDCA 1000 mg·kg À1 body weight, p.o., once daily (HFD + TUDCA group) for 4 weeks, whereas the NCD-treated mice and other group of HFD-treated mice were treated with an equal volume of saline (NCD or HFD group) for 4 weeks. During the experiment, four mice (one from the NCD group and three from the HFD + TUDCA group) were unexpectedly killed early due to technical problems during gavage. The whole study lasted 16 weeks, during which the body weight and food intake of each animal were measured every week. At week 16, an i.p. glucose tolerance test (IPGTT) and i.p. insulin tolerance test (IPITT) were performed according to previously described methods (Cao et al., 2013b) . Fresh stool samples were collected and stored immediately at À80°C for subsequent analysis. At the end of the trial, after overnight fasting for 12 h, blood was collected, and serum was isolated by centrifugation at 1006 × g for 15 min at 4°C. Fasting serum insulin was determined using ELISA kits (EMD Millipore Corporation, Burlington, MA, USA). The serum levels of total cholesterol (TC) and triglycerides (TGs) were determined using corresponding assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China). After the collection of blood, all mice were killed promptly by cervical vertebra dislocation. Tissues, including the liver and ileum [The small intestine was divided into two pieces of equal length called the jejunum and ileum. The ileum is from the distal part of the intestine located 1 cm from the ileocaecal valve (Navarrete et al., 2015) ], were weighed; one portion of the tissues was fixed with formalin for histological analysis, and the other portion was immediately frozen in liquid nitrogen for further analysis.
Gene expression analysis
Total mRNA was isolated from the livers and ileums using TRIzol reagent (TAKARA, Tokyo, Japan) and was reverse transcribed into cDNA using a high-capacity cDNA reverse transcription kit (TAKARA, Tokyo, Japan) according to the manufacturer's protocol. The mRNA levels were quantified by quantitative PCR (qPCR) with SYBR Green (Qiagen, Hilden, Germany). The relative mRNA levels were normalized to Gapdh mRNA levels in the same samples. The primer pairs used in this study are listed in Supporting Information Table S1 .
Histological examination
The intestinal and liver histopathologies were evaluated by haematoxylin and eosin (H&E) staining. The intestinal histopathology was scored from 0 to 4, and the detailed criteria were as described previously (Steck et al., 2011) . The NAFLD activity score (NAS) ranged from 0 to 8. NAS includes three histological scores: lobular inflammation (0-3), steatosis (0-3) and ballooning degeneration (0-2) (Kleiner et al., 2005) .
16S rRNA sequencing
Frozen stool samples were used to characterize the gut microbiota. After the samples had been slowly thawed, total DNA was isolated from 0.2 g of faeces suspended in 1.4 mL of buffer solution and vortexed using a FastPrep FP120 instrument (Yan et al., 2011) for 1 min at 4°C, followed by incubation at 70°C for 5 min. After centrifugation at 14 000 × g for 1 min, 1.2 mL of the upper phase was collected, and total DNA was obtained using the TIANamp Stool DNA Kit (Tiangen Biotech, Beijing, China), as per the manufacturer's protocol. The DNA obtained was used to amplify the V3-V4 region of 16S rRNA genes. After purification, the amplicons were equally combined and subjected to a sequencing library preparation for 454 GS FLX pyrosequencing. A total of 1 388 221 sequences were subjected to quality control standards. Sequences had to meet the following criteria (Huse et al., 2010) : (i) no Ns in the trimmed sequence, (ii) an exact match to the 5 0 primer and (iii) Lucy's identified region of poor quality at the 0.002 threshold did not extend beyond the 5 0 primer. The 5 0 primer was trimmed from the sequences before analysis. Any sequences that did not meet a length requirement from 180 to 280 bases after trimming were discarded. The remaining 653 569 sequences were subjected to the next analysis.
Using QIIME, 8530 operational taxonomic units (OTUs) at the similarity level of 97% were obtained (Huse et al., 2010) . The most abundant sequence of each OTU was selected as the representative sequence and was assigned taxonomy using RDP classification software with a bootstrap cut-off of 50% (Wang et al., 2007) . The abundance data of representative sequences were normalized for each sample and were log transformed. The statistical significance of differences in bacterial composition among the different samples was assessed by analysis of similarities (ANOSIM) test.
incubator at 37°C. Cells were routinely tested to exclude mycoplasma contamination. During the experiment, the palmitic acid (PA) + LPS group was stimulated with palmitic acid (600 μM) and LPS (10 μg·mL À1 ), and the PA + LPS + TUDCA group was co-stimulated with palmitic acid (600 μM), LPS (10 μg·mL À1 ) and TUDCA (500 mM).
Transepithelial electrical resistance measurement
Transepithelial electrical resistance (TEER) measurements were made using an EVOM metre (World Precision Instruments, Sarasota, FL, USA) and chopstick-style electrodes as performed previously (Li et al., 2010 
Statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . In all studies, a co-worker was blinded to the experimental protocol. All data in this study are presented as the means ± SEM. Differences between two groups were determined by Student's two-tailed t-test. When more than two groups was examined, one-way ANOVA followed by Newman-Keuls post hoc test for multiple comparisons was used. The non-parametric ANOSIM test was used for independent variables. Post hoc tests were run only if F achieved P < 0.05, and there was no significant variance inhomogeneity. A P value <0.05 was considered statistically significant. All statistical analyses were performed using SPSS software, version 19.0. All of the data are representative results from more than five biological replicates and three analytical replicates per biological replicate.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b,c) .
Results
TUDCA attenuates HFD-induced hepatic steatosis and inflammation
We first examined whether TUDCA administration influences the liver metabolic phenotype and inflammation in HFD-induced NAFLD mice. After 16 weeks of HFD treatment, the liver size, liver weight and the ratio of the liver weight to body weight were significantly increased compared with those in the NCD group, while increases in these indexes were significantly reversed by TUDCA ( Figure 1A ). Consistent with these findings, H&E and Oil Red O staining showed more lipid droplets in the liver of HFD-fed mice than controls, whereas TUDCA administration reduced the lipid droplets in the liver ( Figure 1B ). To further examine the severity of NAFLD, the NAS was examined according to the criteria of Kleiner et al. (2005) . The NAS of the HFD-treated group was significantly higher than that of the control group and was reduced after TUDCA administration ( Figure 1B ). As shown in Figure 1C , the concentrations of TG and TC in the serum and livers were also remarkably decreased after TUDCA administration. Furthermore, quantitative real-time PCR was performed to determine the expression levels of genes related to fatty acid synthesis, transport and β-oxidation in liver tissue. The expression levels of genes related to cholesterol synthesis (3-hydroxy-3-methylglutaryl CoA reductase) and fatty acid-binding protein 1 (Fabp1) were significantly suppressed after TUDCA administration. Meanwhile, β-oxidation-related genes [peroxisomal acyl-CoA oxidase 1 (Acox1) and long-chain acyl-CoA dehydrogenase (Lcad)] that were suppressed in the HFD group were restored after TUDCA treatment ( Figure 1D ). Cholesterol 7α-hydroxylase (CYP7A1; Cyp7a1) is involved in bile acid and cholesterol metabolism. TUDCA also reversed the decrease in Cyp7a1 gene expression after HFD feeding ( Figure 1D ). Furthermore, the lipoprotein lipase mRNA level was significantly increased in the HFD group compared with that in the control group and was reversed by TUDCA treatment ( Figure 1D ). These data indicated that TUDCA administration attenuates liver steatosis induced by HFD. As NAFLD is closely linked to a chronic inflammatory response, the expression levels of inflammatory mediators in the liver samples were measured. The levels of pro-inflammatory cytokines [including IL-1β, IL-6, CCL2, CCL4, intercellular cell adhesion molecule-1 (ICAM1) and TNF-α] ( Figure 1E ) and innate immunity components [TLR4, TLR2, Cd14, TRIF-related adaptor molecule (TRAM), IL-1 receptorassociated kinase 4 (IRAK4) and TGFβ activated kinase 1 (MAP3K7)-binding protein 1 (TAB1)] (Wang et al., 2017) ( Figure 1F ) were significantly higher in HFD-treated mice than those in the control group, but the gene expression levels of these pro-inflammatory cytokines and signalling molecules were markedly decreased by TUDCA.
TUDCA ameliorates HFD-induced obesity and insulin resistance
As NAFLD is tightly associated with systemic metabolic disorders such as obesity and insulin resistance (Gaggini et al., 2017) , apart from the impact of TUDCA on the liver, we examined whether TUDCA might affect the systemic metabolic status, such as body weight and glucose metabolic indexes. As shown in Figure 2A , despite a similar food intake (Supporting Information Figure S2 ), the gain in body weight of TUDCA-treated mice was less than that of HFD-fed mice. Indeed, the body weight was 76% lower in TUDCA-treated mice than in mice without TUDCA treatment after HFD feeding for 16 weeks and was merely 7% higher in NCD-fed mice. These data indicate that TUDCA treatment also reduced body weight gain in HFD-fed mice. We also found that TUDCA treatment decreased fasting hyperglycaemia and hyperinsulinaemia as well as increasing the homeostasis BJP W Wang et al.
model assessment of the insulin resistance index (HOMA-IR) ( Figure 2B-D) . The IPGTT revealed that TUDCA administration significantly improved HFD-induced glucose intolerance ( Figure 2E ). The IPGTT curves from TUDCA-and HFD-treated mice revealed that plasma glucose levels at 15, 30 and 60 min after glucose injection were more elevated in HFD-fed mice, suggesting that TUDCA could improve insulin resistance. Additionally, the IPITT of TUDCA-treated mice demonstrated significantly better insulin sensitivity ( Figure 2F ). TUDCA-treated mice had a higher response to insulin injection. Collectively, these data suggest that TUDCA administration ameliorates HFD-induced obesity and insulin resistance.
TUDCA attenuates gut inflammatory responses
It has been recently reported that increased gut inflammation and compromised intestinal epithelial permeability could permit the enhanced translocation of a multitude of gut microbial products (pathogen-associated molecular patterns) involved in the progression of NAFLD (Chen et al., 2015; Rahman et al., 2016) . Therefore, the intestinal histopathology was evaluated by H&E staining ( Figure 3A ). HFD induced low-grade inflammatory cell infiltration with an increased histopathological score and mRNA levels of inflammatory cytokines (e.g. Il-1β, Ccl2, Ccl4 and Icam1; Figure 3B ). However, TUDCA administration significantly decreased the elevated mRNA level of Il-1β (threefold), Ccl2 (twofold) and Icam1 (1.5-fold) ( Figure 3B ). The mRNA levels of innate immunity components (Tlr4, Tlr2, Cd14, Tram, Irak4 and Tab1) were also significantly down-regulated by TUDCA administration ( Figure 3C ). To further demonstrate the impact of TUDCA on intestinal inflammation, we performed in vitro experiments. Human epithelial colorectal adenocarcinoma cells (Caco-2 cell line) were co-stimulated with palmitic acid (600 μM) and LPS (10 μg·mL À1 ) for 6 h, so that they mimicked the NAFLD intestinal condition, including the intake of fatty The mRNA expression levels of genes associated with fatty acid synthesis, transport and β-oxidation, (E) inflammatory cytokines and (F) innate immunity components in the liver were detected by qPCR. The data are presented as the means ± SEM. One-way ANOVA followed by Newman-Keuls post hoc test for multiple comparison. NCD group, n = 8; HFD group, n = 9; and HFD + TUDCA, n = 6. *P < 0.05. Hmgcr, 3-hydroxy-3-methylglutaryl CoA reductase. ND, not detected.
acid and a burst of microbiota production. We found that the co-stimulation with palmitic acid and LPS significantly increased the expression of inflammation-related factors and innate immunity components (Il-6, Il-1β, Ccl2, Cd14, Irak4 and Tab1). As expected, TUDCA (500 mM) administration, along with palmitic acid and LPS treatment, attenuated the increased levels of inflammation-related factors, findings similar to the in vivo observations. Taken together, these findings indicate intestinal inflammatory responses were significantly alleviated after TUDCA treatment.
TUDCA improves intestinal barrier function
Apart from the gut inflammation status, we also measured intestinal barrier function. Epithelial tight junction molecules, such as ZO-1, junctional adhesion molecule (JAM), occludin and claudin 4, are markers of the epithelium integrity. As expected, the mRNA levels of Zo-1, Jam, Occludin and Claudin4 were significantly down-regulated in HFD-fed mice compared with those in NCD-treated mice. In contrast, TUDCA administration largely reversed the decrease in these tight junction molecules in HFD-fed mice ( Figure 4A ). In addition to tight junction molecules serving as mechanical barriers, chemical barriers, including various digestive enzymes, lysozyme, mucopolysaccharide, antimicrobial peptides and other components secreted by the digestive tract, are also components of the intestinal mucosal barrier (Yan et al., 2013) . Therefore, the intestinal mRNA levels of antibacterial peptides, including those of Reg3b, Reg3g, Defb1 and angiogerin-1, were measured by qPCR. However, these antibacterial peptides exhibited no significant differences between the HFD group and HFD + TUDCA group (Supporting Information Figure S1 ). Lysozyme was demonstrated to bind to bacterial LPS with a high affinity to produce a complex and inhibit the biological activities of LPS (Takada et al., 1994) . Additionally, intestinal alkaline phosphatase is a gut mucosal defence factor known to dephosphorylate LPS (Estaki et al., 2014) . As expected, the mRNA levels of lysozyme and intestinal alkaline phosphatase were significantly lower in the ileum from HFD-fed mice than those in the NCD group (0.316-fold and 0.438-fold, respectively); by comparison, these lower mRNA levels were significantly increased by 2.5-fold and 2.1-fold in TUDCA-treated HFD-fed mice respectively ( Figure 4B ). Moreover, qPCR demonstrated that the expression of core 3β1,3-N-acetyl glucosaminyltransferase (C3gnt) was reduced by 2.7-fold in HFD-fed mice but was increased in TUDCA-treated HFD-fed mice, although muc2 displayed no difference between these groups ( Figure 4C ). C3GnT is responsible for the glycosylation of intestinal mucins, providing an important source of growth substrates for intestinal bacteria, and is a component of the intestinal mucosal barrier (Xia, 2010) . To further determine the effect of TUDCA on the integrity of cellular barriers, the TEER of three groups -the control group, PA + LPS group and PA + LPS +-TUDCA group -were measured in Caco-2 cells at different time points (0, 4 and 12 h). At the beginning of the experiment, no differences were detected among the three groups. However, after 4 and 12 h treatments, the TEER of the PA + LPS group was significantly decreased compared with that of the control group and this effect was reversed by the combination treatment with TUDCA ( Figure 4D ), demonstrating that TUDCA treatment could protect the integrity of cellular The data are presented as the mean ± SEM for (A-D) and mean ± SD for (E-F). One-way ANOVA followed by Newman-Keuls post hoc test for multiple comparison. NCD group, n = 8; HFD group, n = 9; and HFD + TUDCA, n = 6. *P < 0.05 versus the NCD group; # P < 0.05 versus the HFD group.
barriers. The data above suggest that intestinal barrier function is restored by TUDCA administration.
TUDCA suppresses gut lipid transport
With regard to the gut-liver axis, abnormal lipid metabolism in the intestine may lead to excessive lipid flow into the portal circulation, resulting in more lipid accumulated in the liver. To determine whether TUDCA alters lipid metabolism in the intestine, we further explored gut lipid transport. As expected, TUDCA administration significantly reduced the abundance of ileum lipid transport-related genes induced by HFD, such as fatty acid translocase (Cd36) (7.7-fold Figure 3 TUDCA attenuates gut inflammation. (A) Representative ileum H&E staining sections (left panel) and corresponding histopathological score (right panel) in the NCD, HFD and HFD + TUDCA groups; (B, C) the mRNA expression levels of inflammatory cytokines and components of innate immune signalling were measured in the indicated groups; (D) the mRNA expression levels of inflammatory cytokines and components of innate immune signalling were measured in the indicated groups in Caco-2 cells. CON, control group treated with vehicle; PA + LPS group, Caco-2 cells co-stimulated with 600 μM palmitate and 10 μg·mL À1 LPS for 6 h; PA + LPS + TUDCA group, Caco-2 cells treated with the combination of palmitate (600 mΜ), LPS (10 μg·mL À1 ) and TUDCA (500 mM) for 6 h. The data are presented as the means ± SEM. One-way ANOVA followed by the Newman-Keuls post hoc test for multiple comparisons. NCD group, n = 8; HFD group, n = 9; and HFD + TUDCA, n = 6. In vitro experiment, n = 5. *P < 0.05.
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reduction), Fabp (2.1-fold reduction), fatty acid transport protein 4 (Fatp4) (2.2-fold reduction) and fatty acid receptor 3 (Ffar3) (3.4-fold reduction) ( Figure 5A ). In vitro experiments showed a similar result ( Figure 5B ). Taken together, from these we concluded that TUDCA suppresses intestinal lipid absorption.
TUDCA-treated mice showed different gut microbiota composition compared with HFD-fed mice
There is considerable evidence that dysbiosis contributes to the process of NAFLD; this has been provided by animal studies in which the gut microbiota is manipulated and by observational studies in patients with NAFLD (Leung et al., 2016) . To explore whether gut microbiota showed differences among the three groups, we investigated the composition of the microbiota population in mice with in-depth genetic sequencing. The phylogenetically informative 16S rRNA gene (hypervariable region V3-V4) was amplified from total DNA extracted from murine faecal samples. The overall structural changes of the gut microbiota were then analysed using the unsupervised multivariate statistical method UniFrac distance-based principal coordinates analysis (PCoA). The PCoA of the weighted and unweighted UniFrac distance from the data set showed apparent separation into colour-coded clusters according to HFD without or with TUDCA treatment ( Figure 6A ). ANOSIM of PCoA matrix scores indicated a significant separation among the microbiota of the NCD, HFD and HFD + TUDCA groups (P < 0.05). The calculated relative abundance of bacteria at the phylum level in the three groups is presented in Figure 6B . HFD-fed mice displayed an increased abundance of Firmicutes (64 vs. 51%) and decreased abundance of Bacteroidetes (20 vs. 43%), a gut microbial One-way ANOVA followed by the Newman-Keuls post hoc test for multiple comparisons. NCD group, n = 8; HFD group, n = 9; and HFD + TUDCA, n = 6. *P < 0.05; in vitro experiment, n = 5. *P < 0.05 versus the CON group; # P < 0.05 versus the PA + LPS group.
composition associated with obesity and NAFLD (Turnbaugh et al., 2006; De Minicis et al., 2014) . In contrast, the TUDCA treated group showed a tendency to have a gut microbial composition close to that of NCD mice. The abundance of Proteobacteria was increased (14 vs. 4%) in HFD-fed mice compared with that in control mice, while TUDCA treatment ameliorated this change to a small extent. Cox et al. (2014) showed that following low-dose penicillin treatment there was a strong increase in Proteobacteria that was concomitant with increased adiposity, a finding that was in accordance with our result. However, the abundance of Actinobacteria was too low to be detected. Further in-depth analysis indicated that, among the changed microbiota, two anti-inflammatory bacterial taxa, Faecalibacterium and Akkermansia (Everard et al., 2013; Quevrain et al., 2016) , were markedly increased in the TUDCA-treated group, with an increase of 370-fold and 68-fold respectively ( Figure 6C ). However, the TUDCA-treated group showed a significantly decreased abundance of Mucispirillum and Ruminococcusgnavus by 11-fold and threefold respectively. Mucispirillum and Ruminococcusgnavus were reported to play important roles in pro-inflammatory responses (El Aidy et al., 2014; Titecat et al., 2014) . Additionally, Paraprevotella, YS2 and Dehalobacterium ( Figure 6D ) were initially found to be changed; in contrast, in the TUDCA-treated group the changes in these bacteria tended to be reversed and similar to those in the NCD group. These data indicate that the TUDCAtreated mice had a different gut microbiota composition compared with HFD-fed mice but a similar composition to that in the NCD-fed mice. Therefore, TUDCA may play an important role in modulating the composition of gut microbiota.
Discussion
In the present study, we demonstrated that TUDCA treatment markedly ameliorated HFD-induced NAFLD in mice. In addition to its commonly accepted protective effect on ER stress, we found that the mechanisms through which TUDCA alleviated NAFLD included (i) attenuation of gut inflammation, (ii) improvement of intestinal barrier function, (iii) decrease of gut fat transport and (iv) partial modulation of intestinal microbiota composition. Obesity and NAFLD are rising health problems worldwide with an estimated prevalence of 20-30%, which increases the risk of diabetes, cardiovascular diseases and cancer (Hannah and Harrison, 2016) . Therefore, it is important to develop therapeutic approaches to prevent an adverse outcome. TUDCA, an amphiphilic bile acid, is the taurine conjugate form of ursodeoxycholic acid (UDCA). It is known as a chemical chaperone against ER stress (Ozcan et al., 2006) and has been recently reported to reduce liver steatosis in several studies (Choi et al., 2014; Legry et al., 2014) . In our present study, we demonstrated the effectiveness of TUDCA in alleviating Figure 5 TUDCA suppresses gut lipid transport genes expression. (A) The mRNA levels of ileum lipid transport-related genes (Cd36, Fabp, Fatp4 and Ffar3) in the NCD, HFD and HFD + TUDCA groups were measured. NCD group, n = 8; HFD group, n = 9; and HFD + TUDCA, n = 6. *P < 0.05. (B) The expression levels of ileum lipid transport-related genes were detected in Caco-2 cells (n = 5). CON, control group treated with vehicle; PA + LPS group, Caco-2 cells co-stimulated with 600 μM palmitate and 10 μg·mL À1 LPS for 6 h; PA + LPS + TUDCA group, Caco-2 cells treated with the combination of palmitate (600 mΜ), LPS (10 μg·mL À1 ) and TUDCA (500 mM) for 6 h. The data are presented as the means ± SEM. One-way ANOVA followed by the Newman-Keuls post hoc test for multiple comparisons. *P < 0.05.
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hepatic steatosis and inflammation, as well as improving obesity and insulin resistance. We observed that mice fed a HFD developed NAFLD compared with control mice, while TUDCA improved the condition. The ability of TUDCA to redress the glucose metabolism disorder in NAFLD mice has also been reported . We also assessed the effects of TUDCA on lipid droplets in the liver, NAS, liver injury indexes and genes related to fatty acid synthesis and elimination. Our results revealed that lipid metabolism homeostasis was disrupted after HFD administration, and TUDCA restored this metabolic disorder to some extent. This result is in accord with that reported by Choi et al. (2014) . Meanwhile, because inflammatory responses can result in the development of a metabolic disorder, we tested the levels of inflammatory mediators in different groups. The levels of inflammatory mediators were increased in HFD-treated mice compared with the control levels, while TUDCA administration reduced the expression of inflammatory cytokines. In a previous study, TUDCA was also demonstrated to alleviate the inflammatory responses in acute pancreatitis (Seyhun et al., 2011) .
Collectively, the efficacy of TUDCA on HFD-induced NAFLD involves effects on insulin resistance, hepatic steatosis and inflammatory responses. Regarding the mechanism by which TUDCA ameliorates NAFLD, major studies have unanimously considered that TUDCA functions as an ER stress protectant Choi et al., 2014) . Yang et al. (2010) found that oral TUDCA treatment mainly decreased the expression of genes involved in lipogenesis and fatty acid uptake in ob/ob mice. Similarly, we also confirmed that TUDCA could prevent hepatosteatosis induced by the HFD through increasing β-oxidation genes (Acox1 and Lcad) in the liver and suppressing fatty acid uptake genes (such as Cd36) in the intestine. Cho et al. (2014) found that TUDCA attenuated the progression of methionine-choline-deficient (MCD) diet-induced steatohepatitis by reducing ER stress. In their study, ER stress was the key mechanism of MCD-induced liver inflammation and the key therapeutic target for TUDCA. Likewise, we also demonstrated that TUDCA could alleviate liver inflammation. However, apart from the traditionally reported The data are presented as the means-± SEM. The statistical significance in bacterial composition among the different samples was assessed by the ANOSIM test. NCD group, n = 8; HFD group, n = 9; and HFD + TUDCA, n = 6. *P < 0.05. mechanism, our study primarily found that TUDCA could alleviate NAFLD in mice by improving the intestinal microenvironment (including the inflammatory state, function of the epithelial tight junction, lipid transport and gut microbiota). We found that gut inflammation and the TLR2/4 signalling pathways were markedly suppressed by TUDCA treatment. Moreover, TUDCA treatment dramatically improved the expression of molecules associated with intestinal epithelial tight junctions, including Zo-1, Jam, Occludin and Claudin4. Additionally, the expression levels of lysozyme (responsible for protection from bacterial infections) and IAP (detoxification of bacterial LPS), serving as the chemical barrier of the intestine, were increased after TUDCA treatment. Unexpectedly, no significant difference in the levels of antibacterial peptides was observed, a finding that was inconsistent with that obtained after obeticholic acid treatment (Ubeda et al., 2016) . Obeticholic acid was reported to improve ileum expression of antimicrobial peptides to reduce bacterial translocation and inhibit intestinal inflammation in cirrhotic rats. The difference in these findings is most likely due to the different affinity of the two bile acids to farnesoid X receptor. Additionally, the levels of muc2 and C3GnT were decreased in the HFD group and were up-regulated after TUDCA treatment. Muc2 is a gene encoding a mucin protein that can disassociate pathogenic and commensal bacteria (Bergstrom et al., 2010) . C3GnT is a core enzyme in the synthesis of core 3-derived O-glycans, the predominant components of intestinal mucus. Mice lacking glycans display a thinner intestinal mucus barrier (Zarepour et al., 2013) , which represents an important source of growth substrates for intestinal bacteria. Therefore, the changes in the gut chemical barrier, including those of lysozyme, Iap, Muc2 and C3gnt, influence gut permeability. The study by Kim et al. (2012) demonstrated that, in coordination with the increased permeability via activation of the TLR4 signalling pathway, intestinal inflammation by altering the gut microbiota accelerated obesity in HFD mice. These improvements in the ileum might delay and alleviate the development of NAFLD.
Abnormal lipid metabolism in the intestine may lead to excessive lipid flow into the portal circulation, resulting in more lipid accumulated in the liver. Thus, we further explored gut lipid transport. We found that gut lipid transport-related genes (Cd36, Fabp, Fatp4 and Ffar3) were markedly increased in HFD mice, whereas they were significantly decreased after TUDCA administration. Previous studies also demonstrated that these lipid transport receptors may have potential relevance to the regulation of intestinal lipid metabolism (Abumrad and Davidson, 2012) . Therefore, TUDCA may alleviate NAFLD progression through suppressing gut lipid transport.
Furthermore, animal studies in which the gut microbiota is manipulated, as well as observational studies in patients with NAFLD, have provided considerable evidence that dysbiosis contributes to the process of NAFLD (Leung et al., 2016) . In this study, we found that the ratio of Bacteroidetes/ Firmicutes in the HFD group was decreased compared with that in the control group, while TUDCA restored the ratio. In previous studies, Ley et al. (2005) reported that the intestinal microbiota of ob/ob mice showed a reduction in the proportion of Bacteroidetes and an increased level of Firmicutes compared with that of wild-type mice. It was reported that obese individuals had a lower abundance of Bacteroidetes and a higher abundance of Firmicutes than lean individuals (Manco et al., 2010) . These data suggest a relationship between the ratio of Firmicutes to Bacteroidetes and metabolic disorders (Semova et al., 2012) . In addition, the TUDCA treated group showed increased abundance of two antiinflammatory bacterial taxa, Faecalibacterium and Akkermansia. Levels of Faecalibacterium (Munukka et al., 2014) and Akkermansia (Dao et al., 2016) have been shown to be decreased in NAFLD patients. Additionally, for the first time, we found that the abundance of some taxa was changed dramatically in HFD-fed mice and was reversed in TUDCAtreated mice. These bacteria might be new candidate phylotypes for predicting and treating metabolic disorders.
The present study has a few limitations: (i) although the HFD-induced NAFLD in the mouse model shares many common characteristics with higher mammalian diseases and is commonly used to explore cellular and molecular mechanisms, potential limitations still exist regarding extrapolating data from mice to humans. (ii) The equivalent dose of TUDCA corresponding to 1000 mg·kg À1 in mice is approximately 81 mg·kg À1 in humans (Reagan-Shaw et al., 2008) . However, this dose is much higher than the usual dose of UDCA used to treat primary biliary cirrhosis (12-15 mg·kg À1 ) (Carey et al., 2015) . Therefore, the safety and efficacy of high-dose TUDCA in humans should be further evaluated.
In conclusion, our present study, for the first time, demonstrated that TUDCA treatment ameliorates HFD-induced murine NAFLD by improving gut inflammation and intestinal barrier function, decreasing intestinal fat transport and modulating intestinal dysbiosis. Our study uncovered possible new mechanisms for TUDCA as a potential therapy for NAFLD. These data provide direction for future studies designed to address the use of TUDCA in clinical settings of NAFLD. Figure S2 TUDCA has no influence on food intake. The weekly food intake of the NCD, HFD, HFD + TUDCA groups was calculated. The data are reported as the means ± SEM. One-way analysis of variance (ANOVA) followed by the Newman-Keuls post hoc test for multiple comparisons. NCD: normal chow diet group, n = 8; HFD: high-fat diet group, n = 9; HFD + TUDCA: high-fat diet with TUDCA treatment group, n = 6. *P < 0.05.
